The A Disintegrin and Metalloproteinase (ADAM) family of endopeptidases plays a role in many solid cancers and includes promising targets for anticancer therapies. Deregulation of ADAM15 has been linked to tumor aggressiveness and cell line studies suggest that ADAM15 overexpression may also be implicated in prostate cancer. To evaluate the impact of ADAM15 expression and its relationship with key genomic alterations, a tissue microarray containing 12,427 prostate cancers was analyzed by immunohistochemistry. ADAM15 expression was compared to phenotype, prognosis and molecular features including TMPRSS2:ERG fusion and frequent deletions involving PTEN, 3p, 5q and 6q. Normal prostate epithelium did not show ADAM15 staining. In prostate cancers, negative, weak, moderate, and strong ADAM15 staining was found in 87.7%, 3.7%, 5.6%, and 3.0% of 9826 interpretable tumors. Strong ADAM15 staining was linked to high Gleason grade, advanced pathological tumor stage, positive nodal stage and resection margin. ADAM15 overexpression was also associated with TMPRSS2:ERG fusions and PTEN deletions (P b .0001) but unrelated to deletions of 3p, 5q and 6q. In univariate analysis, high ADAM15 expression was strongly linked to PSA recurrence (P b .0001). However, in multivariate analyses this association was only maintained if the analysis was limited to preoperatively available parameters in ERG-negative cancers. The results of our study demonstrate that ADAM15 is strongly up regulated in a small but highly aggressive fraction of prostate cancers. In these tumors, ADAM15 may represent a suitable drug target. In a preoperative scenario, ADAM15 expression measurement may assist prognosis assessment, either alone or in combination with other markers.
Introduction
Prostate cancer is the most prevalent cancer in men in Western societies [1] . Although the majority of prostate cancers behave in an indolent manner, a small subset is highly aggressive and requires extensive treatment [2, 3] . Established preoperative prognostic parameters are limited to Gleason grade and tumor extent on biopsies, prostate-specific antigen (PSA), and clinical stage. These data are statistically powerful, but often insufficient for optimal individual treatment decisions. It is thus hoped that a better understanding of disease biology will eventually lead to the identification of clinically applicable molecular markers that enable a more reliable prediction of prostate cancer aggressiveness.
The human A Disintegrin and Metalloproteinase 15 (ADAM15) is one of more than 20 members of the ADAM family of type I multi-domain transmembrane glycoproteins that function as zinc-dependent endopeptidases (reviewed in [4, 5] ). Activated ADAM15 is involved in proteolytic processing of cytokines, growth factors and adhesions molecules [5] . ADAM15 promotes cancer progression in gastric [6, 7] , lung [8, 9] and colon cancers [10] as well as melanomas [11] . It is believed that the tumor promoting action of ADAM15 results from disruption of cell-cell [4, 12] and cell-matrix [12] adhesion and from release of membrane-bound growth factors (reviewed in [13, 14] ). Accordingly, ADAM15 deregulation has been linked to poor patient outcome in lung and colon cancers [9, 10] . There is accumulating evidence that ADAM15 may also plays a role for prostate cancer biology. Functional studies in PC-3 prostate cancer cells suggest a role of ADAM15 for metastasis, as the capability to migrate through vascular endothelial cells depends on ADAM15 expression [14] . Moreover, a study on 167 clinical prostate cancer specimens suggested a link between ADAM15 overexpression, metastatic phenotype and poor patient prognosis [15] .
These promising findings encouraged us to study the putative prognostic value of ADAM15 expression in a large cohort including more than 12,000 prostate cancers that have been assembled in a tissue microarray (TMA) format and for which clinical follow-up data are available.
Materials and Methods

Patients
Radical prostatectomy specimens were available from 12,427 patients, undergoing surgery between 1992 and 2012 at the Department of Urology and the Martini Clinics at the University Medical Center Hamburg-Eppendorf. Histo-pathological data was retrieved from the patient files, including tumor stage, Gleason grade, nodal stage and stage of the resection margin. In addition to the classical Gleason categories, "quantitative" Gleason grading was performed as described before [16] . In brief, for every prostatectomy specimen, the percentages of Gleason 3, 4, and 5 patterns were estimated in cancerous tissues during the regular process of Gleason grading. Gleason 3 + 4 and 4 + 3 cancers were subdivided according to their percentage of Gleason 4. For practical use, we subdivided the 3 + 4 and 4 + 3 cancers in 8 subgroups: 3 + 4 ≤ 5% Gleason 4, 3 + 4 6-10%, 3 + 4 11-20%, 3 + 4 21-30%, 3 + 4 31-49%, 4 + 3 50-60%, 4 + 3 61-80% and 4 + 3 N 80% Gleason 4. In addition, separate groups were defined by the presence of a tertiary Gleason 5 pattern, including 3 + 4 Tert.5 and 4 + 3 Tert. 5. Follow-up data were available for a total of 12,344 patients with a median follow-up of 36 months (range: 1 to 241 months; Table 1 ). Prostate specific antigen (PSA) values were measured following surgery and PSA recurrence was defined as a postoperative PSA of 0.2 ng/ml and increasing at first of appearance. All prostate specimens were analyzed according to a standard procedure, including a complete embedding of the entire prostate for histological analysis [17] . The TMA manufacturing process was described earlier in detail [18] . In short, one 0.6 mm core was taken from a representative tissue block from each patient. The tissues were distributed among 27 TMA blocks, each containing 144 to 522 tumor samples. For internal controls, each TMA block also contained various control tissues, including normal prostate tissue. The molecular database attached to this TMA contained results on ERG expression in 10,678 [19] , ERG break apart FISH analysis in 7099 (expanded from [20] ) and deletion status of 5q21 (CHD1) in 7932 (expanded from [21] ), 6q15 (MAP3K7) in 6069 (expanded from [22] ), PTEN (10q23) in 6704 (expanded from [23] ) and 3p13 (FOXP1) in 7081 (expanded from [24] ) cancers. The usage of archived diagnostic left-over tissues for manufacturing of tissue microarrays and their analysis for research purposes as well as patient data analysis has been approved by local laws (HmbKHG, §12,1) and by the local ethics committee (Ethics commission Hamburg, WF-049/09 and PV3652). All work has been carried out in compliance with the Helsinki Declaration. 
Immunohistochemistry
Freshly cut TMA sections were immunostained on 1 day and in one experiment. Slides were deparaffinized and exposed to heat-induced antigen retrieval for 5 minutes in an autoclave at 121°C in pH 7,8 Tris-EDTA-Citrate buffer. Primary antibody specific for ADAM15 (rabbit polyclonal antibody, Chemicon (Merck Chemicals GmbH), Schwalbach, Germany; AB19035; dilution 1:150) was applied at 37°C for 60 minutes. Bound antibody was then visualized using the EnVision Kit (Dako, Glostrup, Denmark) according to the manufacturer's directions. A final score was built from these two parameters according to the following criteria as previously described [20] : Tumors with complete absence of staining were scored as "negative". Tumors with a score "weak" had a staining intensity of 1+ in ≤70% of tumor cells or 2+ in ≤30% of tumor cells. A score "moderate" was given to cancers with a staining intensity of 1+ in N70% of tumor cells, or 2+ in N30% and ≤70% of tumor cells, or 3+ in ≤30% of tumor cells. The score was "strong" if staining intensity was 2+ in N70% of tumor cells or 3+ in N30% of tumor cells.
Statistics
For statistical analysis, the JMP 10.0.2 software (SAS Institute Inc., Cary, NC, USA) was used. Contingency tables were calculated to study associations between ADAM15 expression and clinicopathological variable, and the Chi-square (Likelihood) test was used to find significant relationships. Kaplan Meier curves were generated for PSA recurrence free survival. The log-Rank test was applied to test the significance of differences between stratified survival functions. Cox proportional hazards regression analysis was performed to test the statistical independence and significance between pathological, molecular, and clinical variables.
Results
Technical Issues
A total of 9826 (79%) tumor samples were interpretable in our TMA analysis. Reasons for non-informative cases (2601; 21%) included lack of tissue samples or absence of unequivocal cancer tissue in the TMA spot.
ADAM15 Expression in Normal and Cancerous Prostate Tissues
Normal prostate tissue did not show ADAM15 staining. In cancers, ADAM15 immunostaining was typically localized to the apical cell membrane. ADAM15 immunostaining was seen in 12.3% of our 9826 interpretable prostate cancers and was considered weak in 3.7%, moderate in 5.6% and strong in 3.0% of cases. Representative images of ADAM15 immunostainings are given in Figure 1 . Elevated ADAM15 expression was significantly linked to advanced pathological tumor stage, Gleason grade, lymph node metastasis (P b .0001, each) and surgical margin (P = .0007). All data are summarized in Table 2 . Subgroup analyses revealed that all significant associations to tumor phenotype found in all cancers held also true in the subsets of ERG-negative and ERG-positive cancers (data not shown).
Association with TMPRSS2:ERG Fusion Status and ERG Protein Expression
To evaluate whether ADAM15 expression is associated with ERG status in prostate cancers, we used data from previous studies (expanded from [19, 25] ). Data on TMPRSS2:ERG fusion status obtained by FISH were available from 5617 and by immunohistochemistry from 8347 tumors with evaluable ADAM15 immunostaining. Data on both ERG FISH and IHC were available from 5401 cancers, and an identical result (ERG IHC positive and break by FISH or ERG IHC negative and missing break by FISH) was found in 5159 of 5617 (91.8%) cancers. ADAM15 staining was more frequent in TMPRSS2:ERG rearranged and ERG-positive prostate cancer. Positive ADAM15 immunostaining was seen in 18.7% (ERG IHC) and 19.7% of ERG FISH positive cancers, but only in 7.8% and 7.9% of cancers without ERG staining and ERG rearrangement (P b .0001, each; Figure 2 ).
Association to Other Key Genomic Deletions
Earlier studies had provided evidence for distinct molecular subgroups of prostate cancers defined by TMPRSS2:ERG fusions and several genomic deletions. We and others had previously described a strong link of PTEN and 3p13 deletions to ERG positivity and of 5q21 and 6q15 deletions to ERG negativity [21] [22] [23] [24] . To examine, whether ADAM15 expression might be particularly associated with one of these genomic deletions, ADAM15 data were compared to the preexisting findings on PTEN (10q23), FOXP1 (3p13), MAP3K7 (6q15) and CHD1 (5q21). Elevated ADAM15 expression levels was strongly linked to PTEN deletions in both ERG-negative and ERG-positive cancers (P b .0001 each, Figure 3 ). ADAM15 was unrelated to the other genomic deletions (data not shown).
Association with PSA Recurrence
Follow-up data were available for 8890 patients with interpretable ADAM15 immunostaining on the TMA. A highly significant association was seen between early PSA recurrence and elevated ADAM15 expression ( Figure 4A , P b .0001) in all tumors and also in subgroups of ERG fusion negative and positive cancers (P b .0001, P = .0002); ( Figure 4B and C). Because of the strong association between ADAM15 expression and PTEN deletions, we sought to clarify the prognostic value of coalterations. To facilitate the analysis, tumors with negative, weak or moderate ADAM15 expression were grouped together based on their comparable prognosis (see Figure 4 , A-C). It showed that the prognostic value of ADAM15 was limited to cancers lacking PTEN deletion. However, it was remarkable that tumors with strong ADAM15 expression had a comparably poor prognosis than cancers harboring PTEN deletions ( Figure 4D ). Because of the strong association between ADAM15 expression and Gleason score we performed additional subset analyses in cancers with identical classical and quantitative Gleason grade [16] . These analyses showed that ADAM15 provided independent prognostic impact in subsets of cancers with extended Gleason 4 patterns, including classical 4 + 3 cancers ( Figure 5A ) and also 4 + 3/ 4 + 4 cancers with 61-100% Gleason 4 patterns and Gleason 4 + 3 tertiary grade 5 cancers according to the quantitative Gleason grade (5 h, P = .0195; 5 j, P = .0327).
Multivariate Analysis
Four different types of multivariate analyses were performed evaluating the clinical relevance of ADAM15 expression in different scenarios (Table 3) . Scenario 1 evaluated all postoperatively available parameters including pathological tumor stage, pathological lymph node stage (pN), surgical margin status, preoperative PSA value and pathological Gleason grade obtained after the morphological evaluation of the entire resected prostate. In scenario 2, all postoperatively available parameters with exception of nodal status were included. The rational for this approach was that the indication and extent of lymph node dissection is not standardized in the surgical therapy of prostate cancer and that excluding pN in multivariate analysis can markedly increase case numbers. Two additional scenarios had the purpose to model the preoperative situation as much as possible. Scenario 3 included ADAM15 expression, preoperative PSA, clinical tumor stage (cT stage) and Gleason grade obtained on the prostatectomy specimen. Since postoperative determination of a tumors Gleason grade is "better" than the preoperatively determined Gleason grade (subjected to sampling errors and consequently under-grading in more than one third of cases [26] ), another multivariate analysis was added. In scenario 4, the preoperative Gleason grade obtained on the original biopsy was combined with preoperative PSA, cT stage and ADAM15 expression. These analyses suggested that ADAM15 expression might have prognostic value in preclinical scenarios, especially in ERG-negative cancers ( Table 3 ). The overwhelming prognostic impact of the Gleason grade in comparison with ADAM15 expression is demonstrated in Figs. 5 a-l. These panels indicate that ADAM15 expression has no relevant prognostic effect in cancers with identical classical or quantitative Gleason grades.
Discussion
The results of this study demonstrate that high level overexpression of ADAM15 identifies a small subset of aggressive prostate cancers with increased risk for PSA recurrence. Our immunohistochemical analysis revealed membranous ADAM15 staining of variable intensity -typically located at the apical cell pole -in a small fraction (12%) of our 9826 analyzable prostate cancers, while normal prostate epithelium and other non-malignant cells were negative under the selected experimental conditions. Absence of ADAM15 expression in normal prostatic epithelium was also described in one earlier study [15] . High-level ADAM15 staining was strongly linked to adverse phenotypical features of prostate cancer and early PSA recurrence in our study. Similar findings were made by Kuefer et al. [15] using a different scoring scheme that does not disclose the fraction of positive cancer samples. That a statistical association was not found in this study might be due to a relatively low number of cases (n = 167).
Overall, these findings from our study provide strong in vivo evidence for a role of ADAM15 expression in development and progression of prostate cancer. This assumption is strongly supported by earlier in vivo evidence from functional studies using prostate cancer cell lines. These data had suggested that ADAM15 overexpression contributes to the metastatic cascade by prostate tumor cell interaction with vascular endothelium and thus facilitating blood vessel invasion [14] .
The large number of cancers included in our study enabled us to investigate possible associations of ADAM15 expression with previously established molecular key features of prostate cancer. Our data demonstrate a strong link of ADAM15 expression to ERG activation. In about 50% of tumors, fusion of the androgen receptor-regulated TMPRSS2 gene with ERG leads to AR-stimulated overexpression of ERG, an ETS-transcription factor [27] . ERG is a pioneering factor that modulates transcription of more than 1600 genes [28] , including many AR regulated genes as it opens cryptic AR binding sites in the vicinity of its own recognition site when bound to gene promoters [29] . Cell line models suggesting AR-dependent ADAM15 expression [30] provide a possible mechanistic explanation for the strong association between ADAM15 expression and ERG fusion, which was also observed by others [31] .
Deletions of certain small and large chromosomal regions represent another hallmark of prostate cancer. Data from next generation sequencing studies demonstrate that such deletions are more prevalent than any mutations of specific coding genes and many of these deletions have been linked to either ERG-positive (i.e. PTEN and 3p13) or ERG-negative cancers (i.e. 6q15 and 5q23). That high ADAM15 expression is tightly linked to PTEN deletions, but not to any other of the studied deletions suggests a specific functional relationship of ADAM15 and PTEN. It is tempting to speculate that a PTEN/ADAM15 interaction could affect cell growth control as both proteins are involved in this process. ADAM15 is believed to liberate membrane bound growth factors such as Heparin-binding EGF-like growth factor and amphiregulin [13, 32] , as well as extracellular fragments of E-cadherin that function as activators of the EGF growth factor signaling pathways including Akt/PTEN [14] . Interestingly, some data from mouse models suggest that loss of PTEN alone is not sufficient for invasive prostate cancer growth, but requires up-regulation of additional mechanisms driving cell motility [33, 34] . It appears thus possible, that the combination of PTEN loss and ADAM15 overexpression contributes to both endogenous growth stimulation and increased invasiveness. ADAMs gained substantial interest as targets for anti-cancer therapies. Several first-and second-generation inhibitors, such as marimastat, prinomastat, tanomastat, or batimastat, are active against a broad spectrum of matrix metalloproteases (MMPs) and ADAMs. However, disappointing results were made in clinical trials, where severe side effects were observed [35] [36] [37] [38] . These might be connected to the fact that MMPs and ADAMs are involved in many physiological processes involving remodeling of the extracellular matrix, e. g. inflammation, wound healing, tissue repair or the menstrual cycle [39] [40] [41] [42] . It is hoped that better results could be obtained with more specific inhibitors. For example, an inhibitory humanized monoclonal antibody targeting ADAM17, a potent and independent predictor of disease outcome in patients with breast cancer [43] , showed promising anticancer effects in vitro [44] . A dual ADAM10/ADAM17 inhibitor was well tolerated in a phase I trial in patients with HER2-positive advanced breast cancer. In particular, there was no evidence of musculoskeletal side effects (which were previously found with matrix metalloproteinase inhibitors), increased release of liver enzymes, bone marrow toxicity or increase in cardiomyopathy [45, 46] . However, ADAM15-specific inhibitors have not been reported as to yet.
Although ADAM15 expression was a highly significant prognostic factorcomparable to PTEN deletion -in univariate calculations, its prognostic impact was lost in most multivariate analyses. The power of morphological methods competing with biomarkers for predicting prostate cancer aggressiveness is best demonstrated by the separate analysis of different prognostic Gleason groups. Already within traditional grade groups, a prognostic impact of ADAM15 expression was only found in Gleason 4 + 3 tumors. Based on the large cohort of prostate cancers available at our institution, we had recently shown, that prognostic Gleason Grade information can be refined by using the percentage of Gleason 4 grades as a continuous variable. Both in biopsies and in prostatectomy samples, prostate cancer prognosis continuously deteriorates with increasing percentage of Gleason 4 pattern (quantitative Gleason Grade) [16] . That ADAM15 expression lacks significant prognostic impact in almost all subgroups defined by a comparable quantitative Gleason grade demonstrates how difficult it is for biomarkers to beat morphological malignancy parameters in prostate cancer.
Conclusion
ADAM15 is overexpressed in a small fraction of prostate cancers, and linked to unfavorable histological features and poor outcome of the disease. Our multivariate modeling approach suggests, however, that the prognostic value of ADAM15 may be limited to clinical situations were definite histological parameters (such as the tumor stage and Gleason score after radical prostatectomy) are not available.
